The crystal structure of poly(ethylene furanoate) (PEF) has been determined using X-ray fiber diffraction (XRFD) combined with molecular modeling. Analysis of the XRFD data suggested the space group was P21, with a monoclinic unit cell where a = 5.784 Å, b = 6.780 Å, c = 20.296 Å, and γ = 103.3 o , giving a calculated unit cell density of the crystal phase was 1.562 g/cm 3 . The repeating unit consisted of two monomers related to each other by a 21 screw axis. It was also shown that two PEF chains were included in each unit cell, with the center-chain being staggered with respect to the edge-chain. Polymer chains were found to be near planar, although careful evaluation showed that the best fit with the data required the cell to contain a mixture of 3/12 and 5/12 center-chain-staggering.
Introduction
Poly(ethylene terephthalate) (PET) is widely exploited in packaging industries and for instance is prominently used for water and soft drinks bottles. However, despite being extremely widely used in such applications, PET has its limitations, particularly in respect of cost as well as issues of finite shelf life of packaged products due to its inherent barrier properties. To this end, initiatives are being explored relating both to the costs, i.e., in generating the polymer from renewable feedstocks for instance, as well as ways to improve its barrier properties. The latter includes multilayer approaches and also inclusion of additives to the PET. 1 An alternative approach is the possibility of replacing PET with another polymer that possesses better barrier properties, and an obvious point to start the search is to explore other polyesters.
Poly(ethylene furanoate) (PEF) is a furan-derived analog of PET, and has the chemical structure shown in Figure 1 . As can be seen, from a structural point of view, the only difference between PEF and PET is that the backbone benzene ring in the PET monomer is replaced by a furan ring in PEF. However, this difference in the primary structure leads to profound consequences in the molecular dynamics, crystal structure, as well as mechanical and barrier properties of the material. [2] [3] [4] [5] [6] [7] With respect to potential applications for plastic beverage bottles, PEF has been found to possess much better gas barrier properties compared to PET, with O2 and CO2 gas permeability that are 10 times and 19 times lower, respectively.
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Figure 1. Chemical structure of Poly(ethylene furanoate).
The crystal structure of PET was determined more than 60 years ago, 8 and consists of a triclinic unit cell with a = 4.56 Å, b = 5.94 Å, c=10.75 Å, α=98.5 ο β=118 ο , and γ=112 ο . The repeating unit along the c-axis contains one monomer, with the polymer chain tilted by ~5 ο with respect to the c-axis. Whilst the structure of PET has been widely studied the same is not true of PEF, and only a handful of papers have been published describing its crystal structure and crystallization behavior. Part of the reason for this is that compared to other semi-crystalline polymers such as PET, PEF inherently produces solids with a very low degree of crystallinity of at most ~20%. In addition, the crystallization kinetics are known to be much slower than that of PET, which generates challenges in producing polymers with high enough crystallinity to characterize easily. Some general properties regarding PEF's crystallization kinetics and polymorphism have been recently reported.
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The first, and to the best of our knowledge, the only paper on the crystal structure determination of PEF was reported by Kazaryan and Medvedeva in 1968. 12 we propose a different crystal structure based on XRFD data with improved quality. To prepare aligned crystal with higher quality, the PEF film was annealed at higher temperature for much longer time (see experimental section for details). Careful fiber tilting measurement to examine the meridian diffraction spots was carried out at synchrotron X-ray beamline using a large area detector. More diffraction spots can be resolved owing to these improvements.
Due to intrinsic properties of PEF, such as low crystallinity, small crystal size, and disorder, etc., significant broadening of the measured diffraction spots was observed, making the standard approach of using structure refinement based on the precise determination of peak position and intensity challenging.
We report a method that combines crystallographic methods and molecular modeling that ultimately allow us to make direct comparison of simulated 2D diffraction patterns with experimental results, leading to solution of the complex nature of the crystal structure of PEF.
Experimental Methods

Materials and sample preparation
PEF polymer (in the form of melt extruded pellets) was provided by Coca-Cola Company. The glass transition and melting temperature of raw PEF pellet based on Differential Scanning Calorimetry (DSC) data were 86.2 o C and 219.1 o C (endothermic peak position), respectively.
The PEF polymer was dried under vacuum at 140 o C for 3 days before use to remove residual water absorbed by the polymer during storage. The polymer pellets were then melted and pressed into films of homogeneous thickness using a simple mold in a Carver hot press machine with platens set at 240 o C for 5 min, i.e., ~20 o C above its melting point. After pressing, the film was removed from the hot press and allowed to cool down to room temperature. At this stage, the polymer is fully amorphous, due to its slow crystallization kinetics, as verified by both DSC and wide-angle X-ray diffraction (WAXD) measurements. The resulting films had a thickness of 0.8 mm, and were cut into 6 mm x 26 mm rectangular samples using a fine toothed electric saw for subsequent uniaxial stretching treatment. Figure 2a . The stretched polymer sample was mounted on a frame that was itself attached to a magnetic coupling. This entire piece was attached to a rotatable spindle, so that the tilting angle between the plane of the sample surface and the incident X-ray beam could be adjusted. To ensure correct rotation, the front surface of the polymer film was positioned to intersect the axis of the spindle rotation. The spindle rotation axis was also perpendicular to the incident X-ray direction. Figure 2b uses the (00l) reflection nodes in reciprocal space to demonstrate the scattering geometry. Since the incident X-ray beam direction was initially perpendicular to the fiber axis, to precisely measure the peak position in the meridian direction, the sample needs to be rotated around the spindle axis, so that (00l) nodes could intersect with the Ewald sphere. The tilting angle in this intersecting geometry is denoted as . After projection (see Fig. 2b ), the position of diffraction node on the flat detector, , is related to scattering angle 2 by:
and R is the sample-to-detector distance. To determine the angle of the intersecting geometry, , the sample was rotated around the spindle axis and diffraction patterns were collected at steps of 1 °. The integrated intensity of a given (00l) reflection node as a function of tilt angle was then plotted, and the angle at which this intensity reached a maximum corresponds to . Diffraction patterns shown in this 
Molecular modeling
Accelrys Materials Studio software was used to construct models of PEF polymer chains in a molecular crystal. The molecular packing within the unit cell and subsequent energy minimization was performed using the Forcite module, utilizing the COMPASS force field. The atomic fractional coordinates were generated after geometry/energy minimization of crystal structures, from which simulated 2D fiber diffraction patterns were generated as described below.
Fiber diffraction pattern simulation
With knowledge of unit cell parameters, atomic positions (in one unit cell), and the polymer chain alignment direction, 2D fiber diffraction patterns can be simulated. The starting point is to determine the structure factor, ℎ by considering all fractional coordinates of the atoms in a unit cell, (pj, qj, rj), and the corresponding atomic scattering factor, fj, using the following equation:
where (hkl) are the Miller indices defining the nodes in reciprocal space. The powder-averaged scattering intensity for a given (hkl) node is given by:
where ℎ = (2⁄ ) sin ℎ is the modulus of the scattering vector of a given (hkl) node, 2 ℎ is the scattering angle and is the X-ray wavelength.
In producing a sample for fiber diffraction experiments, polymer chains were aligned along the (uniaxial) strain direction, i.e., the fiber axis, and crystals within the sample therefore possess fiber symmetry around the fiber axis. In such cases it is often more convenient to use alternative orthogonal coordinates to define reciprocal space, as shown in Figure 3 , where s1, s2 and s3 are three mutually orthogonal axes.
Following convention, the s3 axis is taken as the fiber axis. 13, 14 It should be pointed out that the c*-axis in reciprocal space is only aligned with s3 when the c-axis is perpendicular to the ab-plane in real space. For systems possessing fiber symmetry, with the aforementioned crystal orientation in the s3 direction, the scattering intensity is only dependent on 12 = √ 1 2 + 2 2 and s3, or, equivalently, on and , where = √ 12 2 + 3 2 , and , is the polar angle, defined as the angle between s3 and s. Therefore, a 2D fiber diffraction pattern contains all the information required to describe the reciprocal lattice. For crystalline samples, scattering intensities are localized in the vicinity of each (hkl) node, and the anisotropic scattering intensity distribution, J(s, ), can be approximated as a multiplication of the powder-averaged intensity (Eq. 3) and a kernel defining the orientation condition, F( , ℎ ): 15, 16 ( , ) = ℎ ( ℎ ) ( , ℎ )
The F( , ℎ ) kernel is obtained from a Fourier transform of the (real space) orientation distribution function (ODF), ( ), where is the so-called misorientation angle. There are only limited forms of ( ) that yield explicit analytic expressions for the F( , ℎ ) kernel, and the Onsager function is one which is appropriate for the current work, defined as follows:
where p is a parameter determining the breadth of orientation distribution. By adopting the Onsager function form for the ODF the F( , ℎ ) kernel can then be simplified to the analytic form written as:
where 0 [ ] is the modified Bessel function of the first kind of order zero, and = sin sin ℎ .
Results and Discussion
Part of the fiber diffraction pattern of the PEF sample, collected at zero tilt angle, is shown in Figure 4a .
Even without tilting, and thereby optimizing for the angle , a series of meridian diffraction arcs, rather than well-defined diffraction spots, were clearly visible in the diffraction pattern. In principle, when the c*-axis is parallel to the s3 direction, diffraction spots should be invisible, because they should not be able to intersect with the Ewald sphere at zero tilt angle (as shown in Figure 2b ). However, in reality diffraction intensity is observed for one of two reasons. Firstly, various broadening effects such as small crystal size or disorder induce smearing of the diffraction spots in reciprocal space. An effect known as smearing. The second reason could result if the c*-axis had a small oblique angle with respect to s3 (as may be seen in triclinic cells for example). The small oblique angle nevertheless causes diffraction arcs that appear at the meridian after intersecting with the Ewald sphere. An effect known as broadening.
To discriminate between these effects, tilting measurements were performed (see Experimental Method section). By tilting the sample in an increment of 1 o , the intensity of all meridian arcs first increased, reached a maximum, and then decreased. This verified that the meridian arcs were caused by smearing rather than broadening, since no maxima would be seen in the latter case. These tilt-measurements also confirm that the c*-axis is in the same direction as the s3 axis. If c* were not aligned with the fiber axis, a given (ℎ ) node in the -th layer in reciprocal space would produce a circle. In the fiber tilting experiment, the spots on the circle would gradually intersect with Ewald sphere, producing two diffraction spots for any (ℎ ) plane that would become increasingly separated with increasing tilt angle (see Figure S4 in the supplementary information). However, this behavior was not observed in our experiment. By contrast only single localized diffraction spots corresponding to (00 ) planes were visible, the intensity of which change as a function of tilting angle were consistent, similar to what is shown in Fig 4b for the (008) plane (further diffraction patterns at different tilting angles can be found in the supplementary material). This confirmed that the meridian diffraction spots were not due to existence of an oblique angle between c* and the fiber axis, and indeed confirm that both c* is parallel to the fiber axis.
The integrated intensity of a meridian arc, in this case from the (008) reflection, as a function of tilt angle is shown in Figure 4b . The position of intensity maximum corresponds to the -angle for a full intersection of (008) plane to the Ewald sphere, from which the repeating unit length , can be precisely determined (given that = 1⁄ ). The same procedure was also applied to the (002) and (004) reflections.
The averaged repeating unit length from these three calculations gave c = 20.296 Å. A unit cell c-axis dimension of 20.296 Å is much larger than the length of one PEF monomer, but based on dimensional analysis it is a length scale consistent with the inclusion of two monomers in the unit cell. This value of c was used in the subsequent structure determination. spots. The calculated density of the crystalline PEF based on these parameters is 1.562 g/cm 3 . As a comparison, the density of the PEF in its fully amorphous state, as measured using a density gradient column is 1.438 g/cm 3 . It is interesting to note that although our unit cell parameters are different from those derived by Kazaryan and Medvedeva, 12 both models give the same crystal density. Our unit cell containing two chains has a volume equal to 774.6 Å 3 , which is twice as large as compared to
Kazaryan and Medvedeva's triclinic cell volume (388 Å On detailed examination, the XRFD pattern (see Fig. 4a ) reveals the absence of reflections from (00l) planes when l is equal to an odd number, which suggests the existence of a 21 screw-axis. Taking this factor and unit cell dimensions into account, a possible structure of PEF chain packing in the unit cell was derived using molecular modeling, as shown in Fig. 5 . The polymer chains in the model have a transplanar conformation in the unit cell, so that the 21 axis goes through the mid-point of the alkane bond between C1 and C2, as shown in Figure 5a . The monoclinic cell can accommodate two chains, with one chain located at the edge of the unit cell and the other chain in the center of the ab-plane. After energy minimization, the resulting monoclinic unit cell structure (as shown in Figure 5 ) gave a c-axis length of 20.233 Å, which is close to the experimentally determined value. From a geometric point of view, the second chain can also be allowed to go through the mid-point of the b-axis. However, when doing this the calculated diffraction pattern, did not match well with experimental data, and for example, the (010) and (100) reflections are not absent as should be case, confirming that the former chain arrangement is more appropriate.
Assuming therefore that the second chain must pass through the center of the ab-plane, we can further refine the model structure. Intuitively, simply putting only one PEF monomer in the asymmetric unit as a start point, and by applying symmetry operations in space group P21/n (No. 13 in International Table of Crystallography) 17 , a total of four monomers with the correct monomer connectivity (bonding) can be included in the unit cell, as shown in Figure 5b and 5c. However, a problem arises when generating the unit cell using these symmetry operations as the simulated diffraction pattern did not exactly match the experimental results with respect of the weak (006) reflection. The (006) peak was not discernible in experimental diffraction patterns collected at all tilt angles. This effect is not due to extinction rules of all space groups for a monoclinic cell, and must be attributed to details of chain packing.
A likely explanation of the weak (006) The implication of center-chain-staggering means that all other symmetry elements except the 21 axis are not possible. Therefore, the most likely space group that explains this behavior is P21. In this case, the asymmetric unit consists of two monomers, one located at a unit cell edge, and the other at the cell center, and the other 2 monomers are generated by a 21 symmetry operation. This type of structure is not completely unknown and resembles that of cellulose-I and cellulose-II crystals, which are composed of 2 chains with a staggered central chain. [19] [20] [21] Since unit cells with 1/12, 3/12, and 5/12-staggering of center chain have very similar packing energies, a diffraction pattern was simulated based on an equal mixture of these three individual cells. This is called register disorder, and the diffraction pattern simulation method is equivalent to the treatment of substitution disorder frequently met in metal alloys, 18 but has also been found in some other rigid-chain polymers such as poly(paraphenylene vinylene) and poly(p-phenylene benzobisoxazole). 22, 23 Figure 6 shows results of the experimental pattern compared with that calculated from the model unit cell assuming a mixed cell containing equal amounts of 1/12, 3/12, and 5/12-staggered chains. The simulated pattern was distortion corrected and re-mapped onto a matrix (using an inverse Fraser correction) so that it can be directly compared with the experimental pattern. 13, 14, 16, [24] [25] [26] The upper-left and lower-right quadrants in Figure 6 are the experimental results, with the simulated patterns shown in the upper-right and lower-left quadrants. This register disordered model now properly accounts for the extinction of the (006) peak. However, although most of the simulated diffraction spots match exceptionally well with the experimental data, the (019) plane was unaccountable absent in the simulated pattern (as indicated by the arrow in Fig. 6 ). In order to account for the discrepancy in the (019) reflection, energy minimization of molecular models was performed for packing schemes with different center-chain-staggering. In performing these energy minimizations the unit cell dimensions were fixed, but the chains were allowed to undergo local motions, such as rotation and translation, whilst maintaining the P21 space group. After minimization, packing energies of 2.54 Kcal/mol, 7.25 Kcal/mol, and 7.18 Kcal/mol were determined for the 1/12-, 3/12-, and 5/12-staggered structures, respectively. Fiber diffraction patterns were subsequently simulated based on the new coordinates of each individual cell and on mixtures of these cells following the register disorder approach. An exact match to the experimental data was found when using a mixture of 3/12-and 5/12-staggering (see Figure 7) , which was able to account for the systematic occurrences and absences of reflections, including the extinction of the (006) peak and the presence of (019) peak. As seen in Figure A comparison of experimental results and the simulated diffraction pattern using 3/12 and 5/12 centerchain-staggering structure is shown in Figure 8 . Data presentation is the same as what is shown in Figure   6 , with the most obvious diffraction spots indexed. A more complete list of reflection planes, including peak positions from the simulated pattern and observed values from experiment, and a qualitative classification of peak intensity is given in the supporting material. As shown in Figure 8 , all experimental diffraction peaks were successfully reproduced by the simulated data confirming the unit cell structure.
However, it is difficult to quantitatively compare the integrated intensity of the diffraction spots between the experimental and simulated data. The reason for this is that in the experimental data severe peak overlapping was observed due to small crystal sizes in the sample, coupled with large disorder effects and low degree of crystallinity. Unlike the diffraction pattern, which is shown on a logarithmic scale, the scattering intensity profile of each layer line often consisted of several broad intensity maxima, which introduces ambiguity in determination of peak position and integrated intensity. Nevertheless, the proposed crystal structure successfully explains the appearance and absence of all the diffraction spots in experimental results. Additional detail about the crystal structure will require fiber diffraction patterns of even higher quality, which is obviously a challenging task given how poorly PEF crystallizes. Scattering intensity is displayed in logarithmic scale.
Conclusion
By combining fiber diffraction pattern simulations and molecular modeling, the crystal structure of PEF was determined. A monoclinic unit cell with a space group of P21 and cell parameters of a=5.784 Å, b=6.780 Å, c=20.296 Å, and γ = 103.3 o (first setting) was able to index all observed diffraction spots.
The density of this crystalline structure is 1.562 g/cm 3 . The c-axis length indicated that the PEF monoclinic unit cell consisted of two monomers. Energy minimization on the model structure of the unit cell were undertaken and simulated 2D fiber diffraction patterns derived. These were compared to the experimental data and it was found to properly account for the diffraction pattern it was necessary to include staggering of the center-chain of the unit cell with respect to the edge-chain. PEF chains were shown to adopt a slightly bent conformation in the unit cell, consisting of a mixture of both 3/12-and 5/12-staggered-chains.
